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ABSTRACT 
 
For many specific applications, such as sensors, aerospace, chemical industry, deep-well oil-field 
industry, metal-coated fiber shows strong abilities to satisfy people’s requirement. With in-line coating 
technology, we are able to coat Aluminum on the fibers. 
 
Using electromagnetic induction, we can easily heat an electrically conducting thing such as a metal with 
the eddy current. This process is defined as Induction heating.  And we will melt the Aluminum by this 
induction heating during drawing the fibers on the tower.  
 
Introduce the fiber tower system. The drawing process of in-line technology is formed of the following 
steps: Position, Melting, Forming into fibers, Checking the diameter, Revising, Protective coatings. We 
will follow these to make the Aluminum coating fiber. 
 
With the help of the software which is 123D Design, I have four 3D model of the coating systems. Show 
the details of the all the coating systems such as the shape and the length of coated-fiber we can get. 
 
Talk about the photonic lantern which is the first project that I took part in when I joined the group. 
Show  the mode profiles of our 6 to 1 lantern. 
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 CHAPTER 1 INTRODUCTION 
 
The optical fiber has three parts: Core, Cladding and Coating. The coating plays a role to protect the fiber 
form kinds of damages such as pressure and chemical effect. Traditional fiber coating is made of 
polymer, which can operate in 125 degrees centigrade for the maximum temperature and has little 
resistance for acid chemical environment. In normal cases, the polymer coating fiber is strong enough to 
protect the fiber. However, there are still many special applications of fibers in which the polymer 
coating fiber cannot be qualified. For example, sometimes we need to operate the fiber system in high 
temperature environment, in which the modes in polymer fiber will be unstable.  
 
Figure 1 Instability mechanism static model results 
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As it shows in Fig 1, the temperature of a polymer fiber is increased easily. When it reaches to 100cm in 
z direction, the temperature is 250℃. However, if we have the metal coating, this conductive coating 
will reduce the temperature very fast and our model will be stable. 
 
Figure 2 Thermal profiles 
 
In Fig. 2, JAE M. O. DANIEL and his group give the conclusion in COMSOL software of valuing of fiber core 
temperature and temperature drop across the active fiber over the typical design space for high power 
fiber lasers and is shown as a function of interstitial material thermal conductivity under a fixed thermal 
load of 100 W/m [1]. Here we can see that for the polymer coated fiber, the temperature increases very 
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quickly, and it depends on the interstitial material thermal conductivity much stronger than the metal 
coated fiber. 
One method to optimize this situation is increasing the conductivity of the interstitial material, but the 
effect is very limited. This is because that the polymer cladding itself behaving as an insulator and 
contributing to a lot of heat. In the other hand, for the case of the metal coated fiber, core and cladding 
temperature dependency on the thermal conductivity of the interstitial material is greatly reduced.  
 
So we want the coating part become stronger enough for special applications. Here, we divide these 
kinds of cases into the following groups: 
1. Transfer for high-power laser. The polymer coating will be flamed by scattered light; 
2. Chemicals, in which environment the mediums will cause a lot of damage for polymer; 
3. Nuclear radiation, polymer-coated part decays under radiation; 
4. Medical applications. Metal coating fiber can be used in ETO, steam, e-beam and γ-radiation; 
5. High temperature environments, for the temperature is higher than 350 degrees centigrade; 
6. High pressure environments. The reliability of the coating is very necessary; 
7. Vacuum environments.  
 
For many specific applications, such as sensors, aerospace, chemical industry, deep-well oil-field 
industry, they can belong to several groups above simultaneously. And in these cases, we want some 
coating that can satisfy the requirements. So the Metal Coating Fiber is one of the best choices. And 
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people have already create amount of applications based on it, such as radiation-resistant fiber optic 
systems intended for use in the nuclear industry [2-3], high-temperature alarm systems remaining 
functional in accidental conditions, high-temperature fiber optic systems resistant to hydrogen 
penetration meant for applications in the chemical and oil-field industries, enhanced-reliability fiber 
optic devices in which fibers are soldered to connectors [4], etc. 
 
There are two methods to coat the fiber: off-line and in-line.  
Off-line metal-deposition process means that coating the fiber with the metal after drawing in a 
separate process. For instance, in 1989, Bubel introduced sputtering of tri-metal coating with Ti, Pt and 
Au [5]. In addition, in 1998, the electrolytic plating process for coating Ni/Au was reported [6]. These 
two methods are appropriate when the length of polymer coating fiber that is to be coated by metal is 
just several inches.  Sometimes people need to solder the fiber at the seal location during pig-tailing or 
packaging, and this length is enough for the use. Besides, this after-drawing-process can make sure the 
thickness of the coating is accurate because of the slow deposition process. So we can solder the fiber to 
a high accuracy. 
 
As for In-line method, it is means that coating the metal during drawing. However, it is difficult to coat 
the metal by sputtering method for the coatings obtained were not hermetic [7-10]. The “freezing” 
method is the best choice for current situation. First, let the fiber pass through the molten metal, maybe 
several inches deep. Then, if the temperature of the fiber is much lower than the temperature of the 
molten metal, some metal would “freeze” on the surface of the fiber. It is very well to use this method 
in the drawing tower, we can modify everything together. Besides, a new design for metal coating die 
should replace the polymer coating die. 
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It has been demonstrated that the “freezing” technique can achieve hermetically sealed for the metal 
coating fiber [11]. And the strength of coated fiber can be twice as high as that of the polymer coating 
fiber, because there is no water vapor under the metal [12].  
 
However, there are some limits for the “freezing” technique: 
1. Only some low melt point metals can be used without strength reduction. Such as In, Sn, Pb, Zn, Al, 
Ag, Cu, Au and Ni, which melt points are below 1400 degrees centigrade. As for Ti, Co and Pd, it will be 
impossible to get satisfactory results. 
2. Only very limited amount of alloys have been used for some applications by “freezing” technique.  
3. Coating thickness is in a limited range for keeping the metal application stable. For example, 15-25 
micrometer for the diameter of 125 micrometers, 50 micrometers for the diameter of 250 micrometers 
and 85 micrometers for the diameter of 350 micrometers. 
 
In the past several decades, people shows that the Aluminum-coated fiber is the most suitable metal 
coating fiber for a lot of special applications. Besides, as for soldering or pretty high temperatures cases, 
Cu-coated and Au-coated fibers show better performance. In addition, Ni-coated fiber is the best choice 
for sensors of magnetic field [13]. 
 
One of the disadvantages is that there will be some micro-bending optical losses when using the long-
length metal coating fibers. Because for the metal there is a high expansion modulus. Besides, the pretty 
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high difference in the thermal expansion coefficients of silica and metals also increases the losses. For 
this case, we will use the fibers which have a thick diameter such as 350 micrometer or a high aperture. 
Because this kind of fibers are less sensitive to the micro-bending effect. 
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CHAPTER 2 INDUCTION HEATING 
 
Using electromagnetic induction, we can easily heat an electrically conducting thing such as a metal with 
the eddy current. This process is defined as Induction heating.  
 
There are several parts of an induction heater. First of all, it has an electromagnet. Second, through this 
electromagnet, an electronic oscillator is located with a high-frequency alternating current. Third, the 
rapidly alternating magnetic field inducting by AC current penetrates the object, generating electric 
currents inside the conductor. This current is called eddy current.  It flows through the resistance of the 
material and then heat it by Joule heating. In ferromagnetic materials such as iron, heat may also be 
generated by magnetic hysteresis losses. The frequency of current is determined by several characters:  
the size of the work-piece, material type, coupling (between the coil and the work-piece to be heated) 
and the penetration depth. 
 
An interesting feature of the induction heating process is that the temperature only increase inside the 
object itself, instead of by an external heat source via heat conduction. We can even touch the outside 
of the coil without any hurt. Thus work-piece can be heated very fast. What’s more, it is not necessary to 
have any external contact, which is very important where contamination is an issue. 
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2.1 Basic Transformer Equations 
The ideal coil and work-piece and the current distribution are shown in Fig. 2.1. It is just like what we 
will use in our metal coating experiment. 
 
 
 
 
 
 
Figure 3 Current depth in an ideal work-piece 
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The symbols we will used are provided below in Table 2.1.  
Table 2.1 Symbols' meaning and units 
Symbol Meaning Units 
Ic Coil current amp 
Iw Work current amp 
𝛿c Equivalent current depth for coil cm 
𝛿w Equivalent current depth for work cm 
dc Coil inner diameter cm 
dw Work outer diameter cm 
Lw Work length cm 
Ec Coil terminal voltage volts 
Rw Work resistance ohms 
f Frequency of Ic and Iw cps 
𝜌c Coil resistivity microhm-cm 
𝜌w Work resistivity microhm-cm 
𝜇w Work permeability  
Nc Coil turns  
Pw Work power kw 
Pc Coil power loss kw 
Rc Coil resistance ohms 
 
The flux is considered to be absolutely linear axially through the turns of the coil and object. In this case, 
we can ignore the end effect, flux variations, and flux leakages [14]. While the actual current distribution 
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in the work and coil is a complex function, approximating to an exponential drop in value, as explained 
later, it is represented here by an equivalent depth. It is defined as 
𝛿 =
1
2𝜋
√
𝜌
𝜇𝑓
  (cm)                                                                             (2-1-1) 
This depth means that the current density is 36.7% of its surface value. 
And the relation of the ampere-turns between the windings and work-piece is  
𝐼𝑐𝑁𝑐 = 𝐼𝑤   (amp-turns)                                                                   (2-1-2) 
The value of work-piece resistance is  
𝑅𝑤 =
𝜌𝑤𝜋𝑑𝑤×10
−6
𝛿𝑤𝑙𝑤
   (ohm)                                                               (2-1-3) 
Then we have the equations of the power that induced into the work-piece 
𝑃𝑤 = 𝐼𝑤
2𝑅𝑤×10
−3(kw) 
𝑃𝑤 =
𝐼𝑐
2𝑁𝑐
2𝜌𝑤𝜋𝑑𝑤×10
−610−3
𝛿𝑤𝑙𝑤
(kw)                                                      (2-1-4) 
Therefore,                                                    𝑃𝑤 =
𝐼𝑐
2𝑁𝑐
2𝜌𝑤𝜋𝑑𝑤×10
−9
𝛿𝑤𝑙𝑤
(kw)                                                        (2-1-5) 
When compared the current depths of windings and work-piece with their distance, the depths are 
small. 
The loss power from the coil windings is  
𝑃𝑐 = 𝐼𝑐
2𝑅𝑐×10
−3(𝑘𝑤)                                                         (2-1-6) 
And the resistance of the coil is 
𝑅𝑐 =
𝜌𝑐𝜋𝑑𝑐𝑁𝑐
2×10−6
𝛿𝑐𝑙𝑐
   (ohm)                                                      (2-1-7) 
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Substituting Eq.(2-1-6) and Eq.(2-1-7) 
𝑃𝑐 =
𝐼𝑐
2𝜌𝑐𝜋𝑑𝑐𝑁𝑐
2×10−9
𝛿𝑐𝑙𝑐
(kw)                                                      (2-1-8) 
Finally, for a given work power, the total coil power required is 
𝑃𝑐𝑡 = 𝑃𝑐 + 𝑃𝑤(kw)                                                              (2-1-9) 
 
2.2 Power Induced in Hollow Cylinders 
The differential equation of a hollow cylindrical work-piece is Eq.(2-2-1), as well as that for a solid 
cylinder. 
𝑑2𝑯
𝑑𝑟2
+
1
2
𝑑𝑯
𝑑𝑟
− 𝑘2𝑗𝑯 = 0                                                                   (2-2-1) 
Nevertheless, if the wall thickness t is small compared with the radius a and the current penetration 
depth 𝛿, uniform current density can be assumed across t as shown below in Fig 4. 
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Figure 4 Induction-heated hollow cylinder 
Then the total field intensity HR inside the wall is the sum of external field H0 and HW. By the way, H0 and 
HW are resulting from Iw.  If we assume that the thickness of wall is small enough, then the intensity 
could be assumed to be constant across the work area Aw bounded by the perimeter 2𝜋𝑎.  
𝑯𝑅 = 𝑯0 + 𝑯𝑤(oersteds)                                                      (2-2-2) 
The line integral of magnetic field intensity around any closed loop surrounding a current is 
𝑰 =
1
4𝜋
∮ 𝑯𝑑𝑠                                                                           (2-2-3) 
Then,                                                                     
𝑰𝑤 =
𝑯𝑤𝑙𝑤
4𝜋
                                                                         (2-2-4) 
And                                                                 ∮ 𝑬𝑑𝑠 = −
𝑑∅𝑅
𝑑𝑡
= −𝐴𝑤
𝑑𝑯𝑤
𝑑𝑡
                                                 (2-2-5) 
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For E is assumed to be constant around the wall, 
∮ 𝑬𝑑𝑠 = 𝑬2𝜋𝑎 = 𝑬𝑤 = −𝐴𝑤
𝑑𝑯𝑅
𝑑𝑡
                                                (2-2-6) 
If HR is assumed to follow the below equation, 
𝑑𝑯𝑅
𝑑𝑡
= 𝑗𝑤𝑯𝑅                                                                  (2-2-7) 
Then                                                                  𝑬𝑤 = −𝑗𝑤𝐴𝑤𝑯𝑅 = −𝑗𝑤∅𝑅                                                  (2-2-8) 
Therefore,  
𝑅𝑤 =
𝜌𝑤𝜋2𝑎
𝑙𝑤𝑡
                                                                    (2-2-9) 
And Iw is obtained from 
𝐼𝑤 =
𝑬𝑤
𝑅𝑤
= −
𝑗𝐴𝑤𝑯𝑅𝑤𝑙𝑤𝑡
𝜌𝜋2𝑎
                                                       (2-2-10) 
Equating Eq.(2-2-4) and Eq.(2-2-10), 
𝑯0 = −
2𝑗𝐴𝑤𝑯𝑅𝑤𝑡
𝜌𝑎
                                                                (2-2-11) 
Therefore, 
𝑯0 = 𝑯𝑅(1 +
2𝑗𝐴𝑤𝑤𝑡
𝜌𝑎
)                                                        (2-2-12) 
And the power is 
𝑃𝑤 =
5𝑓𝐻0
2𝑙𝑤𝜇𝐴𝑤𝛿
𝑑𝑤
                                                             (2-2-13) 
After doing series calculating,  
𝑃𝑤 =
𝑁𝑐
2𝐼𝑐
2𝜌𝑤𝜋𝑑𝑤×10
−9
𝛿𝑤𝑙𝑤
(kw)                                                 (2-2-14) 
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This equation is the required power for a work-piece which will be heated by the induction heating. We 
will use this equation to calculate the power for melting Aluminum in our metal coating experiment in 
the late chapter.   
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CHAPTER 3 SYSTEM OF METAL COATING FIBER FABRICATION 
 
In the first chapter, we introduce the characters and applications of metal-coated fiber. Now we are 
going to discuss the process of making the metal coating fiber by in-line technology. 
 
3.1 Equipment 
The drawing process is in the fiber tower. It is exactly same as the method of making polymer-coated 
fiber. The only different part is the coating system.  
The polymer coating fiber is the most popular fiber nowadays. People coat the polymer during drawing 
the fibers in the tower with a special coating die which can determine the diameter and thickness of the 
final coated fiber.  
We will put all equipment in the fiber tower, then we can do the whole process straightly. So here we 
will introduce several parts in this on-line coating system. 
16 
 
3.1.1 Fiber tower 
 
Figure 5 Tower system of draw and coat the fiber 
The most important equipment is the fiber tower. As it is showed in Fig 5, there are 6 parts. The 
following is the manufacturing process of fiber fabrication. 
Position: First, we should put our preform or glass tube to the right position at the top of tower. By 
using three arms, we can fix the preform. And as shown in Fig 5, the rotation stage helps us to make 
sure that the preform or glass tube is straight down so that we will not break the fiber during drawing. 
17 
 
 
Melting:  Once the preform is located to the right position, it is fed into a furnace for melting. In the 
tower, we will heat the furnace by electricity. By the way, we can also heat it by fossil fuel or the 
combination of the electricity and fossil fuel. Here, it is very important to control the temperature 
precisely, so that the glass that we melt could be maintained to a smooth, steady flow. During this 
process, we should keep the furnace at a higher temperature (1371℃) in order to form the glass tube 
into fiber. Once the glass becomes molten, it is transferred to a channel located at the end of the 
furnace. 
 
Forming into fibers: The parameter of the fiber is set in the furnace part. Several different processes are 
used to form fibers. With the help of software, we can get the value of feeding speed. For example, if we 
want a diameter of 500 micro, we can type this into our program, and the computer will tell us which 
speed should we input to the tower.  
 
Checking the diameter:  When the fiber comes out from the furnace, the diameter should be formed. 
However, there might be some deviation like 50 𝜇𝑚. So after the furnace, we have a laser micrometer. 
This part can help us to find any deviation so that we can have another chance to fix it later. Of course, 
the accuracy is very high, we can absolutely trust it.  
 
Revising: From the laser micrometer, we can know if the fiber is in right diameter. And if it is not, we will 
use the canes tractor to update our fiber. By controlling the speed and pressure of the tractor, we can 
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reshape the fiber into our goal parameter. Once we get the correct value, we should stop and open the 
tractor. 
 
Protective coatings: The coating process should start after we get the correct diameter of the fibers. For 
polymer coating, we first fix the coating chamber with coating dies in the coating cup. Then pass through 
the fibers. The chamber is connected to the polymer coating by tube. And there is a channel in the 
chamber that allows the coating flow into the center where we are passing through the fibers. With 
different coating dies, we can get any thickness of the coating. 
 
3.1.2 Coating system 
 
For melting metal, we will use the induction heating method mentioned in chapter 2. Then we have a 
furnace to help us control the temperature of the coating system. This part is which we design by 
ourselves, and I will discuss this in the section 3.3.  
 
3.1.3 Aluminum 
For the Aluminum, the density is 2.70 g/cm3 , the melting point is 660.32 °C, the electrical resistivity is 
28.2 nΩ·m (at 20 °C), and the specific heat capacity is 0.88×103J/（Kg ℃）. We are going to use 
Aluminum pellets for our experiment which are 99.5% pure. 
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Figure 6 Sample of Aluminum pellets 
 
3.2 Steps of Making Metal-Coated Fiber 
All steps are same as the process of making polymer fiber except the coating part. And the freezing 
technique is what we need here. 50 years ago, Arridge et al. [15] and Arridge and Heywood [16] 
demonstrated aluminum application on glass fibers by the freezing technique for the first time. And 
later, Pinnow, Wysicki and Inada were using this technique on optical fibers [17-20]. At present, the 
method is the only process that allows one to apply a metal-coated in-line during drawing of a fiber of 
very flexible length.  
 
In this technique, if the temperature is close to the melting point of the metal and the temperature of 
the fiber is lower, then a layer of the metal can freeze on the surface of the fiber.  To obtain a stable 
uniform metal film, the duration of the contact of the fiber with the molten metal in the crucible should 
be shorter than the time of fiber heating to the metal melting point. With the freezing technique, we do 
not need to worry about if the molten Aluminum will drop down from the coating chamber.  
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3.3 Design of Coating System 
3.3.1 Chamber Part 
First of all, I just put a different coating chamber in the tower which is the replacement of the coating 
chamber for polymer coating. It is shown below in Figure 7 and Figure 8. The graphite crucible is 
designed 48.5mm high and 8mm for inner diameter. In this design, the Aluminum we can use is about 
26.33 grams. For the fiber with 350𝜇𝑚 diameter, the length of the coated fiber can be 83.9m with the 
thickness of 85𝜇𝑚.  
 
Figure 7 No.1design for coating chamber 
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Figure 8 Graphite crucible for No.1 chamber 
In this No.1 design, we have four graphite crucibles which are inserted around the platform of the 
coating chamber. And these crucibles are connected to the center of the chamber by four channels. The 
molten Aluminum from crucibles will flow through the channels. At the center of the chamber, we put 
two coating dies. Between the coating dies, a spacer allows the molten Aluminum reach the fiber that 
through the holes of the two coating dies. The chamber is fixed in a glass tube while this glass tube will 
be located in the tower. 
By giving alternating current to the coil around the glass tube, we can get induction heating inside the 
tube. The temperature getting to the melt point of the Aluminum very quickly. And then our coating 
process will be started while drawing the fiber in the tower. 
However, there is several limited of this design. First, the combination of chamber and crucibles is not so 
compact, we have to use screw to fix them. But it is difficult to make the screw thread in such tiny space. 
Second, the heating efficient is reduced by the separating of the Aluminum. 
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So, we do some updates based on No.1 design. Our No.2 design is shown in Figure 9. 
 
Figure 9 No.2 design of coating chamber 
In this No.2 design, we keep all part same as the first one but remove the four graphite crucibles and 
make a round groove in the chamber where we will put the Aluminum in. This design is much easier 
than the first one. And with the eight channels, we can increase the coating speed twice than No.1 
design. In addition, we can save much space for this chamber in the tower. What’s more, for this 
chamber, the volume is 4.95 cm3 which means that less than 13.36 grams could be used. The length is 
about 37m for the thickness of 85𝜇𝑚 with core diameter of 350𝜇𝑚. 
 
Then, No.3 design was born. It is shown below in Figure 10. We want to make a graphite crucible shown 
in the left part. The bottom of this crucible is designed as a coating die, the inner diameter is same as 
our coated fiber’s diameter.  
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Figure 10 No.3 design coating chamber 
For this design, we can put less than 15.17 grams Aluminum in the crucible. And the coating length 
would be very similar with No.2. 
 
The good thing is that this design is very easy to make with the simple structure. But this crucible only 
allows us to coat one diameter because of the special bottom with specific size of the hole. We cannot 
fabricate different diameters of the metal coating fiber by this tailor-made crucible. 
 
No.4 design is my final design. We use a holder to fix the inner tube in the groove as shown in Figure 11. 
Then put the coating die and graphite crucible in the inner tube. By using the screw thread, we can fix 
the coating die so that the fiber would not move when coating.  
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Figure 11 Holder for the tube and crucible 
 
                                                   
Figure 12 Inner crucible and outer tube 
Figure 13 shows the combination of the above parts. The screw thread in the outer tube helps us to fix it 
to the holder. We will put the coil around the outer tube. Our Aluminum will be easily melted in this 
system and we can fabricate any thickness of the metal coating fiber with different coating die. The 
Aluminum we can use in this crucible is about 180 grams. And for the same example as before, if we use 
the fiber with diameter of 350𝜇𝑚, and set the coating thickness for 85𝜇𝑚, then the length of the coated 
fiber could be about 400m. 
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Figure 13 Combination of holder, inner crucible and outer tube 
This No.4 design can reach the biggest length of the coated fiber among the four designs, and the 
efficiency of induction heating is high. Besides, it will be easily to make this chamber because of the 
succinct structure. 
 
3.3.2 Coating System 
All designs mentioned above have their advantages and disadvantages. For the best coating system, I 
think No.4 is our wise choose.  
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Figure 14 System for metal coating fiber fabrication 
Figure 14 shows the final coating system. In this system, the heat we need to melt the Aluminum is 
𝑄 = 𝑐𝑚∆𝑡 = 0.88×103J/（Kg ℃）×0.18kg×700℃ = 110880 Joule 
27 
 
And set the melting time for 2 minutes, we can get the required power, which is 
𝑃𝑤 =
𝑄
𝑡
=
110880
120
= 924 𝑤𝑎𝑡𝑡𝑠 
Then, from Eq.(2-2-14) and Eq.(2-2-1), we can get penetration depth is 8.1mm and the chosen frequency 
is about 1087.75Hz. However, the inductor efficiency for Aluminum is about 40%, so the required power 
is about 2.31kw. 
 
In addition, we will pump nitrogen continuously to keep the chamber oxygen free so that our Aluminum 
would not be oxidized.  
 
The practical coating system is not prepared yet. However, with the theory mentioned above, we can 
reach the final prefect system very quickly. In the future, we can do more and more high power laser 
experiments with our own metal-coated fiber. 
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CHAPTER 4 PHOTONIC LANTERN 
 
The photonic lantern is an optical waveguide device. It can connect one multimode core to several cores 
with low-loss [21].  With the application of the photonic lantern, we can get several modes.  
 
Figure 15 6 to 1 lantern 
 
 4.1 Fabrication of Photonic Lantern 
 
Making a photonic lantern, we need a process for merging several single-mode cores into one 
multimode core, which means we need to insert several fibers with different core diameter to a capillary 
which has holes at the central part. This process must be operated under the microscope because of the 
tiny holes which are micrometers diameters.   
 
Inserting fibers into the capillary is the first step to make the lantern. Next, we use the Laser Master 
which is a machine for splicing to tapering the capillary. Fig 4.1 shows the shape of a 6 to 1 lantern. 
Using this splicer, we need to set up all parameters in the excel file first to make sure that the 
Input Single 
Mode Fibers 
Output  
Multimode Fiber 
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temperature of the taper part is suitable for no bubble appearing inside the capillary and the speed of 
drawing is fine for no damage. This process always takes like 600 seconds. 
 
During nearly two months, we fabricate a lot of lanterns. And the 3 to 1 lantern is the initial type, later 
we have 6 to 1 lanterns, 10 to 1 lanterns and even 15 to 1 lanterns. This is really a patience-needed work 
because the lantern is very fragile, and in fact we broken a lot.  
 
4.2 Mode Profiles Test 
 
Besides making the lantern, we also test the mode profiles. First, we connect one side of the lantern to 
the laser pump which the wavelength is 1550nm, and the other side o a camera to record the profiles. 
For many times, we cannot get the prefect profiles because of several problems such as bubbles in the 
lantern and bend of the lantern. 
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Figure 16 Field mode profiles at the photonic lantern end-fact 
Fig 16 shows one of our result for a 6 to 1 lantern. The single mode fibers that insert into the capillary 
have the core diameter for 6𝜇𝑚, 15𝜇𝑚, 15𝜇𝑚, 18𝜇𝑚, 18𝜇𝑚, and 23𝜇𝑚.  
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